ABSTRACT: Flexible thin film solar cells are an alternative to both utility-scale and building integrated photovoltaic installations. The fabrication of these devices over electrically conducting low-cost foils requires the deposition of dielectric barrier layers to flatten the substrate surface, provide electrical isolation between the substrate and the device, and avoid the diffusion of metal impurities during the relatively high-temperatures required to deposit the rest of the solar cell device layers. The typical roughness of low-cost stainless-steel foils is in the hundred-nanometer range, which is comparable or larger than the thin film layers comprising the device and this may result in electrical shunts that decrease solar cell performance. This manuscript assesses the properties of different single-layer and bilayer structures containing ceramics inks formulations based on Al2O3, AlN or Si3N4 nanoparticles and deposited over stainless-steel foils using a rotogravure printing process. The best control of the substrate roughness was achieved for bilayers of Al 2 O 3 or AlN with mixed particle size, which reduced the roughness and prevented the diffusion of metals impurities but AlN bilayers exhibited as well the best electrical insulation properties.
INTRODUCTION
Photovoltaic devices allow direct conversion of the sunlight into electricity and are among the most promising renewable energy sources to reach comparable prices to fossil-fuel-based sources, particularly for high-radiation regions. This goal has been achieved for wafer-based photovoltaic technologies through the price reductions resulting from a rapid increase in manufacturing capacity. As an alternative, thin film solar cells are predicted to enable even lower prices for similar manufacturing volumes and have therefore attracted considerable attention in recent years. 1 Furthermore, thin film solar cells reported conversion efficiencies are nowadays similar or even higher than those reported for multicrystalline siliconbased solar cells. 2, 3 Additionally, thin film cells offer key advantages such as a lower cost rigid substrate such as glass and the possibility of utilizing flexible metallic or polymer-based substrates.
Novel applications for photovoltaics are expected for thin and flexible solar modules, mostly for applications in space, aeronautics and mobile systems. 4 Significant effort have been devoted to the development of flexible and lightweight thin film modules, 5, 6, 7 encouraged by the relatively high small-area cell efficiencies obtained on polymer as well as on metallic substrates. A wide variety of substrates have been investigated, 8, 9, 10, 11, 12 with flexible metal foils being attractive due to their thermal stability, vacuum compatibility and resulting device reliability. Stainless steel foils ranks among the most industrially feasible metal foils for photovoltaic devices due to their lower costs and similar thermal expansion coefficient to those of the solar cell device layered stack. 9, 10, 11 Recently, high efficiency (18,7%) Cu(In 1-x Ga x )Se 2 (CIGS) flexible solar cells on stainless steel substrates 13 have been demonstrated to display relatively high proton and electron radiation stability, 14 low weight and high flexibility. 15 These foils offer the possibility of continuous roll-to-roll fabrication which can allow for lower cost than sequential in-line processing. Additionally, these substrates can withstand temperatures above 600 ºC without losing their mechanical properties, which in turn allows deposition of the solar cell absorber layer. On the other hand, the diffusion of stainless steel metal impurities, such as Fe, Ni and Cr, into the absorbed layer during a high temperature evaporation process can degrade the cell efficiency, 16 and barriers layers capable of preventing impurity diffusion are therefore of considerable current interest.
Overall, the fabrication of monolithically integrated thin film photovoltaic modules on electrically conducting substrates requires the deposition of a dielectric barrier. 4, 17, 18 These barriers must satisfy requirements such as: (a) to provide electrical insulation between the metal substrate and the monolithically interconnected solar cells; (b) to reduce the diffusion of impurities from the metal substrate into the solar cells; (c) to flatten the substrate original roughness; and; (d) to provide an appropriated thermal and mechanical stability during device processing. 4, 19 These insulation properties are mainly influenced by the barrier thickness, substrate type and deposition process. 4 Different top-down deposition approaches for these dielectric barrier layers, such as physical vapor deposition or atomic layer deposition, have been investigated. 20 However, significantly less work has been reported using low-cost sol-gel or printing approaches. Herz et al. 21 explored the suitability of Al 2 O 3 dielectric layers deposited by RF magnetron sputtering, as diffusion barriers for three different metal substrates and found that the concentrations of Fe and Cr in the thin film solar cell decreased proportionally with increasing the barrier thickness but were not completely suppressed. Their results suggest an Al 2 O 3 barrier thickness of ≥2 μm for Cr steel and ≥1 μm for Kovar® substrates. These relatively thick barrier layers render this approach unappealing as the deposition rates for such dielectric layers are typically low.
The present paper describes the preparation of different ink formulations based on Al 2 O 3 , AlN and Si 3 N 4 nanoparticles that were deposited over stainless steel foils by means of a low-cost rotogravure printing process using environmental friendly aqueous solvents. The aim of this work is to explore new barriers preparation methods using non-vacuum and low cost techniques which could be considered by stainless steel manufacturer or companies involved in thin-film photovoltaic production.
The properties of single-layer and bilayer coatings from these nanoparticles as efficient barrier layers for thin film solar cells are discussed.
EXPERIMENTAL SECTION
Materials. Commercial stainless steel foils, AISI430 (ferritic), with 140 μm thickness were used as substrate because good adhesion for dielectric barriers had been previously reported for these foils.22 Data corresponding to the chemical composition of S430 stainless steel substrate are presented in Table 1 . The composition of the stainless steel foil consisted mainly of Fe and Cr which could diffuse into the thin film solar cell during high temperature processes and cause degradation of the solar cell efficiency. The metal foil showed a relatively high roughness (Ra) of 220 nm compared with a typical Ra of 10-15 nm for glass substrates. This elevated roughness could affect the insulation properties of the barrier layers. 4 For the barrier layer to block the diffusion of impurities, ceramic nanoparticles of Al 2 O 3 , AlN and Si 3 N 4 were chosen due to their physical properties: (i) compatible Thermal Expansion Coefficient (TEC) to that of the AISI430 foil which directly affected the film adhesion at high temperature, (ii) strong ionic interatomic bonding and nanoparticles character leading to effective impurity blocking, (iii) chemical inertness, (iv) relatively good thermal conductivity, and, (v) good electrical insulator between the metallic substrate and the monolithically interconnected solar cell required for flexible solar modules. Al 2 O 3 nanoparticles were supplied by Sigma-Aldrich with particle size ranging between 20 nm and 50 nm. AlN nanoparticles with particle size of 40 nm were supplied by SkySpring Nanomaterials Inc and those with particle size of 100 nm were supplied by Sigma-Aldrich. Si 3 N 4 nanoparticles with particle size of 20 nm were supplied by SkySpring Nanomaterials Inc and those with particle size of 50 nm were supplied by Sigma-Aldrich. The dispersants used for preventing nanoparticle agglomerates were polyacrylic acid, PEG400 and glycerin as a plasticizer, and Triton X-100 as a wetting agent. The solvent was deionized water with a conductivity of 0.055 μS•cm -1 .
Ink formulation and Thin Film deposition.
The inks were prepared from the mixture of predetermined quantities of additives (dispersant and plasticizer) with the ceramic materials (Al 2 O 3 , AlN or Si 3 N 4 ). The stability of the formulation was studied by the visual observation of sediment formation for periods up to 700 hours. The name, composition and stability of the inks are summarized in Table 2 .
Thin films of the ceramic barriers were deposited on the substrates using a rotogravure printing process (also called doctor blade method). In this deposition approach, well-mixed slurry consisting of a suspension of ceramic particles along with other additives (such as binders, dispersants or plasticizers) was placed on a substrate before the blade. Using a constant relative movement between the blade and the substrate, the slurry spread on the substrate to form a thin sheet which resulted in a gellayer upon drying. The blade was operated at speed up to
, with a gap between the blade and the substrate of 50 μm. Finally, the thin films were sintered in air at 600 °C during 20 s.
Characterization. The ink stabilization was determined by the visual detection of sedimentation degree on time.
The thickness and roughness of the ceramic barriers were measured using a Veeco Dektac profilometer model 150. Using a 3 mg force and a 2000 µm scan length, 7 different points of the samples surface were measured to obtain an average roughness (R a ) of the surface.
To study the inks behavior at high temperature a thermal analysis using Thermogravimetry and Differential Scanning Calorimetry (TGA/DSC) was undertaken. 10-15 mg of the barrier inks were heated in air up to 600 ºC at 10 ºC•min -1 and then maintained at 600 ºC during 15 min. Finally the samples were allowed to cool down to room temperature.
Fourier Transform Infrared Spectra (FTIR-ATR) were recorded using the Spectrum 100 system from Perkin Elmer in the range 4000-650 cm
Rheological behavior of the suspensions was investigated using a Rheometer Anton Paar Physica MCR 301. Viscosities of the ink formulations were measured at controlled shear rate (CSR mode) with a rotational speed between 1 and 100 s -1 .
X-ray photoelectron spectroscopy (XPS) is an ideal technique for analyzing the surface of ceramic layers and stainless steel, as it allows evaluating the diffusion process of stainless steel elements such as iron at the interface between the substrate and the ceramic layer. A PHI 5500 Multitechnique System (from Physical Electronics) with a monochromatic X-ray source Aluminium K α line with 1486.6eV and 350W), was used to perform the XPS measurements. The analyzed area was a circle of 0.8 mm diameter, and the selected resolution for the spectra was 187.5 eV of Pass Energy and 0.8 eV/step. In-depth measurements for composition depth profiles were obtained by sputtering the surface with an Ar+ ion source (energy of 4 keV). A profile analysis was carried out at the surface and at depths of 50 nm, 100 nm, 150 nm and 250 nm, respectively.
Ceramic layers were characterized using the ASTM D3359-09 adhesion test. This test was performed on samples with two and three ceramic layers by subjecting them to a thermal treatment at 600 ºC during 45 minutes and 600 ºC during 20 seconds. The metallic surface was then cut into square sections with a 20 mm side and to each of them a tape was attached. Then the tape was removed abruptly and the adhesion was assessed by determining whether the film had or not detached from the substrate.
The breakdown voltages of the ceramic barrier layers were measured to characterize the insulation properties. For this propose, a 400 nm-thick Molybdenum (Mo) layer was sputtered over the barrier-coated metal foils. The breakdown voltage was measured by connecting the Mo contacts on the barrier using a steel tip and increasing the voltage between tip and substrate until an electrical breakdown occurred.
RESULTS AND DISCUSSION
Inks Formulation. Different ink formulations were prepared by varying the relative percentage of additives and the nature of the ceramic nanoparticles. Their stabilities were analyzed by measuring the sediment as a function of time ( Table 2 Moreover, AlN inks with low additive content exhibited a low stability since sediment appeared after two days. Ink formulations with high additive content showed good stability after one month without sedimentation (AlN-N3 and AlN-N4) because they also contained the highest content of dispersant. In contrast to inks based on Al 2 O 3 , AlN inks are characterized by a higher surface area which results in a higher percentage of dispersant required for the formulation stability. Therefore, both steric and electrostatic repulsion appear to be compensated by the amount of dispersant. The viscosity curves of the stable formulations show a non-Newtonian behavior. 23 As in the case of the Al 2 O 3 -based inks, the inks show a viscosity behavior suggesting a high stability. However, the viscosities of the AlN inks were lower than corresponding values for the Al 2 O 3 inks (1.9-2 mPa•s vs 2.5-3 mPa•s), which may be ascribed to a higher content of plasticizer.
In the case of the Si 3 N4 inks, formulations with a 5% w/w of additive (Si 3 N 4 -S1 and Si 3 N 4 -S2) were unstable, generating sediment content after 20 days. In these inks, a high deviation of the viscosity versus the shear stress was observed, which is indicative of their limited stabilities. The The evolution of the inks with temperatures up to 600 ºC was analyzed by TGA/DSC. The DSC curves are characterized by an endothermic process at 105-155 ºC due to dehydration followed by an exothermic behavior at 430-440 ºC. The endothermic reaction was accompanied by a high weight loss, up to 95 %, due to the removal of solvent. 24 In the temperature range between 160 ºC and 600 ºC, a weight reduction between 2.1 and 4.8 % was observed, which may be ascribed to additive decomposition. Recovered solid powder residues after the measurement had a white color for both Al 2 O 3 and Si 3 N 4 , and grey for AlN. These residues were analyzed using FTIR spectroscopy.
The thermal stability of the ink formulation was analyzed by comparing the FTIR spectra of the as-received ceramic materials with those of the DSC residues corresponding to the stables ceramic nanoparticles inks (Figure 2 ).
The absorption spectrum of the as-received Al 2 O 3 nanoparticles ( Figure 2a ) was characterized by resolving the bands in the 650 to 1000 cm -1 range, which suggests the existence of AlO 4 -tetrahedra and AlO 6 -octahedra in their structure. No noticeable difference was observed in the IR spectra of the annealed ink formulations. Figure 2b shows the FTIR spectrum of the AlN commercial powder which was characterized by an intense and broad band centered at 890 cm -1 with a shoulder at ca. 760 cm -1 . Li et al. 25 identified the adsorption band at 770 and 800 cm -1 as due to Fröhlich modes of the nanocrystalline AlN. However, this mode can shift from one sample to other because they are quite sensitive to the crystal size and shape (i.e. Fröhlich absorption of cubical particles has a lower frequency than that of spherical particles) 26 and the dielectric constant of the medium. 27, 28 In addition, the broad absorption signal could be due to the existence of a size and shape distribution. The only difference in the spectrum of the annealed ink formulation was a new absorption band at 690 cm -1 . This band has been reported to belong to the Al-N band of nanostructured AlN crystals which is close to the bulk mode at 660 cm -1 . 29, 30 According to previous literature, 31 the existence of bulk mode can be attributed to the particle aggregation to form chainlike structure, which is favored in reduced-sized particles.
The FTIR spectra of as-received Si 3 N 4 nanoparticles (Figure 2c) is characterized by a wide band in the range between 1300-650 cm -1 composed of the N-H wagging mode at ~1150 cm -1 and the Si-N asymmetric stretching mode at ~840 cm -1 . 32, 33 The decomposition of the Si-N stretching mode into different constituents modes (1071, 905 and 810 cm -1 , here) was reported for both silicon-rich 34 and stoichiometric nitride films. 35 Scardera et al. 36 attributed the shoulder in the 1000-1100 cm -1 range to silicon nanocrystals embedded in silicon nitride. No noticeable difference was observed in the IR spectra in the annealed ink formulation which indicated that the treatment did not induce sufficient local bonding disorder.
36
Ceramic barrier deposited over a metallic substrate. The thickness and surface roughness as a function of the number of deposited ceramic barrier layers with homogeneous particle size are depicted in Figure 3 . The thickness of the barrier increased with the number of deposited layers but this dependence was not linear. A decrease in the slope was observed on increasing the number of layers which demonstrated the influence of the substrate nature in the final thickness. 37 All ceramic barriers exhibited a decreased of the average roughness (R a ) up to a bilayer, while increasing the number of layers did not result in a further decrease of Ra. The minimum Ra measured were 109 ± 10 nm, 106 ± 14 nm and 146 ± 5 nm for bilayers of Al 2 O 3 -I3, AlN-I3 and Si 3 N 4 -I3, respectively. Thus, a relative decrease of the metal substrate roughness (220 ± 20 nm) of up to 52 % was inferred. Utilizing this bilayer decreases substrate roughness resulting in improved electrical properties of the thin film cell 38 and in this respect barrier layers based on Al 2 O 3 or AlN are preferable to those based on Si 3 N 4 .
An exploration of the influence of the particle size of the bilayer on the average roughness was performed on the ceramic barriers based on Al 2 O 3 and AlN (Figure 4) . A combination of small and large particle sizes reduced Ra after a second layer deposition. Therefore, the formulations with lower Ra were: AlN-N3/AlN-N4 (R a = 93 ± 3 nm and thickness of 1.26 ± 0.08 μm) and Al 2 O3-I3/Al 2 O 3 -I4 (R a = 103 ± 6 nm and thickness of 1.39 ± 0.06 μm). It is worth noting that these roughness values are quite below those measured for an Al 2 O 3 barrier deposited using RF sputtering over a metal substrate. 4 Both thin barrier layers, Al 2 O 3 and AlN, displayed a good adhesion to the metal substrate even after thermal treatments at 600 ºC during 45 min. Additionally, no film cracking was observed in the barrier layers after doctor blade deposition. The absence of cracks or exfoliation in annealed samples also suggests a high quality barrier obtained using the previously described procedure.
The ability of both ceramic bilayer barriers (AlN-N3/AlN-N4 and Al 2 O 3 -I3/Al 2 O 3 -I4) to both reduce the diffusion of impurities from the metal substrate into the solar cell and provide electrical insulation between the metal substrate and the device were explored.
The diffusion of metals atoms through the Mo back contact into the photovoltaic active layers can decrease device efficiency for thin film solar cells fabricated over flexible metal foils. The diffusion of metals atoms can cause enhancement of recombination processes at these metal impurities resulting in a decrease in the collection of carriers at the electrodes. The deposition temperatures required to deposit both the absorber layer and the front contact (typically above 550 ºC) can result in metal impurity diffusion and therefore diffusion of Fe atoms through the barriers was investigated using XPS. The intensity of both Fe 2p3 and Fe 2p1 XPS signals of a bilayer of AlN-N3 /AlN-N4 and a bilayer of Al 2 O 3 -I3/Al 2 O 3 -I4 deposited over AISI430 stainless steel and heated at 600 ºC during 45 min are shown in Figure 5 . For both ceramic barriers, the intensity of the signals decreases to zero at the surface, which suggests that a barrier of both materials with a thickness of roughly 1.3 μm is sufficient to avoid metalimpurity diffusion through the Mo back contact layer.
Finally, the breakdown voltages were measured for both bilayers barriers (AlN-N3/AlN-N4 and Al 2 O 3 -I3/Al 2 O 3 -I4 and are shown in Figure 6 . The values were 32 V for the 1.39 μm-thick AlN-N3/AlN-N4 barriers and 20 V for the 1.26 μm-thick Al 2 O 3 -I3/Al 2 O 3 -I4 structures, respectively. These values are similar to those reported for 1 μm-thick RF-sputtered Al 2 O 3 barriers, with the advantage that the present work uses low-cost high throughput fabrication methods alone. 4 Low breakdown voltages suggest a poor electrical insulation behavior of the barriers.
CONCLUSIONS. Ceramic inks using water as solvent
have been formulated and the conditions of formulation to ensure stability and an adequate flow have been determined.
The optimum number of layers is a bilayer which is able to decrease the roughness. In this sense, the best formulations were a bilayer of Al 2 O 3 -I3/Al 2 O 3 -I4 or AlN-N3/AlN-N4 which also prevented the diffusion of metals through the dielectric barrier. Among them, the bilayer of AlN-N3/AlN-N4 exhibited the best insulation properties.
Moreover, an easily scalable deposition technique has been proposed. It has some advantages that ensure their acceptance at industrial scale: low CAPEX, high throughput, non-expensive raw materials and high exploitation efficiency compared to vacuum techniques ones. The chemical solutions employed are REACH rules compatible: nontoxic elements are used and non-contaminant residues are generated.
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